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Precision era in heutrino oscillation phenomenclogy

Standard 3v mass-mixing framework parameters

What we skill do nob khnow

What we khownhn
CP-violating pkase )

om> 2.3%, Octant of 0o
A2 1.6% Mass Ordering —» sign(Am?)
sin” 012 5.8% Am® = (Amiz + Amss) /2
in? 05 4.0% it
sin? @y ~ 9.6% e - 10
____________________________________________________ e
NO e

V3

[We also dont know Dirac/Majorana neutrinos,
Majorana phases, absolute mass scale]
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(2) LBL acc + Solar + KamLAND + SBL Reactors

SBL reactors not only provide the most accurate determination of
013 but also an independent (and tncreasingly competitive)

determination of Am?, not Limited by E-reconstruction systematics
as ih LBL accel,

(3) LBL acc + Solar + KamLAND + SBL Reactors + Atmospheric

Herein: AEmospkeﬂ{: = SK + Beepﬁore
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623 octant degeneracy effect on “wavy bands” in the (5,013) plane

Largely reduced by adding SBL reactor data (which select a preferred
octant for given mass ordering). Note also synerqy, hot tension,
between (LBL acc + solar + KamLAND) and (SBL Reactors) data
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623 octant degeneracy effect on “wavy bands” in the (5,013) plane

Largely reduced by adding SBL reactor data (which select a preferred
octant for given mass ordering). Note also synerqy, hot tension,
between (LBL acc + solar + KamLAND) and (SBL Reactors) data

Resulks in the (3,015) plane corroborated by atmospheric data
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SBL reactors 013 is in agreement with solar best fit
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In LBL acceleraktor data, 023 and 013 anticorrelakted via appearance data, wikth the 023 ockanks largely
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SBL reactors 013 is in agreement with solar best fit

Atmospheric data introduce some differences in the relative likelihood of the two octants in NG and I0
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Unlenowns: Mass Ordering

Info from oscillation experiments

o Interference between Am? and dm? -» Medium
baseline experiments

o Matter effects for accelerator or atmospheric
neutrinos

¢ Collective effects due to auto-interactions of
Supernova heutrines

DPireck searches

e d\.@;ﬂav
e OVBp decav
¢ Cosmology & Atrophysics



JUNO-Llike Frosyaﬁ:&ve semsi&iviﬁv to mass ordering (x)

Abscissa scales as T2 -> Linear behaviour for pure statistical errors
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Inclusion of energy-scale uncertainties bends the Linear rise, but
still allows 30 discrimination after ~6& years of data taking. With the
inclusion of flux-shape uncertainties: 30 sensitivily in ~10 years

Phys.Rev. DI (2015) noo, 093011



PINGU semsitivity to mass ordering (similarly for ORCA)

Stat + syst (osc+norm) + resolution (scale,width) + polynomial + uncorrelated
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Mass ordering discrimination reduced by 2D spectral shape systematics
due to atmospheric fluxes, cross sections, detector response, ...
Phys.Rev. D91 (2018) 073011
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Paramekbers sensitive bo absolube masses

o [ Decay mg = \/ZUeﬂm%

2 2 2 2 2 i 2 i
© Qvpp  mpp= E Ugmi| = |cisciymy + clysiymae’® + stymae’®
i

© Cosmotogv & As%roghvsws > = mq + mo + ms
Let’s focus on 2 and mgg (f v are Majorana)

e Oscillation daka sErov\ng correlate (Z, mﬁﬁ)

® Cosmological data constrain X

e OvfBfB data conskrain mgg

Add up ngc T XQZ + X%g in the (2, mga3) plane
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When deriving parame&@.r bounds, two possibi& strategies
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(1) Take NO and 10 as two
alkernative hvpo&heses
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........................................ " 5m2
to a lower bound on 2 to wich Am? =+ 0
cosmological data are sensitive )
Normal Ordering Inverted Ordering
ma = /Am2 + §m?/2 = 5.06 x 1072 eV mg = \/|Am2[ 4+ 6m?/2 = 5.04 x 107 eV

mi = /|Am2| — om2/2 = 4.97 x 1072 eV

mo = Vom?2 = 0.86 x 1072 eV

X
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The lower bound on X for 10 only a foctor ~2 smwaller than
the strongest Llimit set ot present by cosmological data
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KamLAND-Zen 136Xe Limits (90% C.L.)

Phase 1 T1/2(0v) > 1.9 x 1025 yr
Phase 2 T12(0v) > 9.2 x 1025 yr
Combined T12(0v) > 1.07 x 1026 yr
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Cosmological Data

Two classes of models

ACDM+Y: flab universe with a cosmological constant and
adiabakic par&urbaﬁoms F»Lu,s massive neubrinos (6+1 parame&ars)

ACDM+ 2 +Aens: OWne Farame&e.r more that controls lensing in
the Planclk angular spectra (6+1+1 F»ar&me&ers)

We separately study NO and 10, taking as unkinown the Llowest
neutrine mass and caleculating the other two by means of the
best-fit values of the mass square differences dm? and Am?

ALL U all 12 = & x 2 data set combinations
& cases with A=l and & with A free

Planck TT | =1

Planck TT + Tu=1 + lensing TT T«ampem&ure amiso—&mw

Planck TT + mar1 + BAO TEEE Polarization

Planck TT, TE.EE + Tuw THEI Retonization prior on op&i,t:ad. dap&h
Planck TT,TE. EE + 7HFI + leusing BAQ Baryon acoustic oscillation

Planck TT, TE.EE + 7uarr + BAO




# Model Cosmological data set ¥ /eV (20), NO Y /eV (20), IO Ax3_no
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2 ACDM + ¥ Planck TT + 7g=r1 + lensing < 0.64 < 0.63 0.2
3 ACDM + ¥ Planck TT + 71 + BAO < 0.21 < 0.23 1.2
4 ACDM + X Planck TT, TE.EE + THw < 0.44 < 0.48 0.6
5 ACDM + X2 Planck TT, TE.EE + 7ur1 + lensing < 0.45 < 047 0.3
6 ACDM + X Planck TT, TE.EE + 7ur1 + BAO < 0.18 < 0.20 1.6
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R ACDM 4+ Y + Ay Planck TT + 1 + lensing < 0.91 < 0.93 0.0
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# Model Cosmological data set Y/eV (20) NO ) /eV (20), IO Axi"o_No'
1  ACDM | ¥ Planck TT | 7uzl T T 0.80 | 07|
2 ACDM + ¥ (( Planck TT + mur1 + lensmg

3 ACDM + X Planck TT + ma=1 + BAO

4 ACDM + ¥ > Planck TT,TE,EE + Tuw

5 ACDM + X2 Planck TT, TE.EE + 7urr + leumug, < 0.45 < 047

6 IAQDKT?T‘—FP'EEI TT,TE EE + 7url + BAO < 0.18 < 0.20 |

7 ACDM 4+ ¥ + Ay Planck 11 + mam

R ACDM 4+ Y + Ay Planck TT + T + lensmg < 0.91 < 0.93
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11 ACDM + ¥ + Ajens Planck TT,TE, EE + 7ar1 + lensing < 0.89 < 0.89

12 ACDM +  + Ajens Planck TT, TE,EE + tarr + BAO < 0.31 < 0.32

Some trends
¢ Polarization and BAQ data stremngthen bounds on X
¢ Bounds wealk up to a foctor ~2 when Alns free
o Small differences between NG and 10
NO usually slightly pr&ﬂferreci
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e x* curves for NO and
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4 selecked cases wikh Ln&reasémstv skrong bounds

e x* curves for NO and

10 converge for large 2

e x* curves bifurcate
for small 2

¢ Y = 0wnolk allowed

e For cases #10 and
#9 the minimum of
the x? is reached for a
value of 2 higher than
the mininum allowed
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Combination of oscillation and non-osculaktion data
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Combination of oscillation and non-osculaktion data
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Conclusions

¢ Ranges of well-khowh 3v parameters (§m?,012) & (Am?,013)
confirmed by v2o17 data updates

o CPV: sind<o preferred
best fik: 6/m ~ 1.3-1.4 ¢ 02 (lo)
sind ~ 0 disfavoured at > 20
sind ~ +1 disfavoured okt » 30
¢ Octant info: still fragile and dependent on mass ordering
o Mass Ordering: I0 disfavored by oscillation data:

LBL+Sol+KL +SBL +ATM
Ax*(10-NO) 1.1 1.1 3.6

¢ Now oscillation data corroborate NO (Axio_pyo € [3.6,4.4])



